Study Objectives: Investigating the exact pathophysiology of obstructive sleep apnea syndrome (OSAS)-induced hearing loss is critical. We sought to verify the hypothesis that a correlation exists between mitochondrial dysfunction in inner ear hair cells and the auditory dysfunction induced by chronic intermittent hypoxia (CIH) in a murine model of sleep apnea. Methods: C57BL/6J adult male mice were randomized to 4 weeks of CIH (n = 12) or normoxia (Sham) (n = 12). Hearing threshold was determined by auditory brainstem response. The activity of mitochondria was compared between CIH and Sham mice. Histological assessment and transmission electron microscopy were performed for assessing morphologic changes in mitochondria. The number of mtDNA copies as well as the levels of PGC1-α, Tfam, and VDAC (voltagedependent anion channel) were determined in the hair cells of CIH mice. Results: We observed that hearing ability in CIH mice was impaired and hair-cell mitochondria in CIH mice were fewer compared to that in Sham and also displayed an aberrant morphology. The mRNA levels of PGC-1α and Tfam were higher in the CIH group than in the Sham group. Moreover, the expression of VDAC was increased in the tectorial membrane, the basilar membrane, and especially in the inner hair cells of CIH mice. Conclusions: This study using CIH mice as a model for OSAS provides evidence of an association between OSAS and auditory function alteration, as well as of mitochondria being part of the pathophysiology of hearing impairment. Further investigation is required to determine whether mitochondria could serve as a valid target for preventive or therapeutic purposes.
INTRODUCTION
Obstructive sleep apnea syndrome (OSAS) is a common breathing disorder that occurs during sleep. Several studies have revealed an association of auditory dysfunction with severe OSAS in the absence of other auditory risk factors. 1, 2 Fischer et al. suggested that sudden deafness may also be a result of damage caused as a secondary effect by conditions that are, in turn, closely linked to OSAS, such as hypertension, diabetes, and hyperlipidemia. 3 Our previous study indicated that the lowest value of oxygen saturation in patients with OSAS could be a significant variable in determining the hearing threshold. 4 Mice exposed to chronic intermittent hypoxia (CIH) display symptoms that mimic sleep apnea and are used as an animal model for OSAS. CIH induces repetitive cycles of hypoxia and reoxygenation, leading to the generation of reactive oxygen species and oxidative stress. As is also the case with OSAS, CIH is associated with mitochondrial dysfunction. The influence of CIH on the ischemic brain can be attributed in part to changes in mitochondrial susceptibility to injury. 5 This supports the idea that mitochondrial ROS plays an important role in mediating the effects of CIH on cerebral mitochondria and the subsequent development of injury. Another study reported that subjecting mice to intermittent hypoxia/hypercapnia leads to oxidative stress due to a mitochondrial response taking place within the central nervous system. 6 Besides the theory of hypoxic injury, simple snoring sound was also elaborated as a causative factor for hearing loss. 7 So far, the mechanisms through which OSAS induces hearing impairment remain to be defined. The similarities between CIH and OSAS, as well as the fact that CIH-exposed mice display auditory dysfunctions, led us to adopt the CIH mice sleep apnea-mimicking model to investigate the hypothesis that a correlation exists between hair-cell mitochondrial dysfunction and auditory impairment.
METHODS

Animals and Exposure to CIH
This study was carried out in strict accordance with the recommendations contained in the Guideline of Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC International) and approved by the Institutional Animal Research Ethics Committee of the Yonsei Medical Center (IACUC Approval No. 2013-0299). All experimental protocols were carried out in accordance with the approved guidelines.
C57BL/6J adult male mice (8 weeks old) were randomly divided into 2 groups, each consisting of 12 mice, and placed in identical chambers. The CIH group was exposed to 4 weeks of CIH (12 daylight hours per day), whereas the Sham group was maintained under normal oxygenation conditions. Animals were housed in standard breeding cages provided with standard mouse chow and water. During CIH exposure, mice were transferred to a customized CIH chamber connected to a gas-control delivery system. Each 120-second cycle included a stage where O 2 in the chamber was maintained at a nadir concentration of 5%, followed by restoration to 21%. Gas-control delivery equipment (Live Cell Instrument, Seoul, South Korea) was
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installed to regulate nitrogen and oxygen flow into the customized chamber. The equipment was composed of programmable solenoids and flow regulators to control the inspired oxygen fraction in accordance with the timing and magnitude of arterial oxygen desaturation, which were determined by monitoring the alterations of arterial oxygen saturation (SpO 2 ), using a Physiosuite pulse oximeter specifically designed for use in mice (Kent Scientific, Torrington, CT). The desaturation of oxygen level indicated until around 75% of oxygen level.
Auditory Brainstem Response Measurement
Auditory brainstem response (ABR) thresholds were measured just prior to euthanization. Each animal was gently anesthetized with an intraperitoneal injection of 100 mg/kg ketamine (Yuhan Corporation, Seoul, Korea) and 1 mg/kg xylazine (Rompun; Korea Bayer, Ansan, Korea) and kept warm using a heating pad. Under effective anesthesia, subdermal needle electrodes were placed at the scalp vertex (inverting), posterior bulla (non-inverting), and lower back (ground) for recording ABR. Tone burst stimuli at 8, 16, or 32 kHz were generated, using SigGenRp (Tucker-Davies Technologies, Alachua, FL) through an EC1 condenser speaker and conducted to the tested ear canal with a plastic acoustic tube. The stimulus intensity was decreased gradually in 5-dB steps until a discernible ABR waveform was no longer visible, and the lowest sound level that caused this waveform was defined as the ABR "threshold."
RT-PCR Analysis
Total RNA was prepared from freshly isolated mouse organs of Corti, using Trizol (Life Technologies, Carlsbad, CA). One microgram RNA from each sample was reverse-transcribed using ReverTra Ace qPCR-RT Master mix in the presence of a gDNA Remover (Toyobo, Osaka, Japan), according to the manufacturer's protocol. The reaction products were diluted five times before proceeding to qPCR. Quantitative PCRs were performed using the Ezway Hot Taq PCR master mix (Koma Biotech, Seoul, South Korea). The following primers were used: 18S: forward, 5′-GTAACCCGTTGAACCCCATT-3′ and reverse, 5′-CCATCC AATCGGTAGTAGCG-3′; β-actin: forward, 5′-TTCTACAATG AGCTGCGTGTG-3′ and reverse, 5′-GGGGTGTTGAAGGTC TCAAA-3′; Tfam: forward, 5′-GCATACAAAGAAGCTGTGA G-3′ and reverse, 5′-GTTATATGCTGAACGAGGTC-3′; PG C-1α: forward, 5′-GGCACATCTGTTCTTCCACA-3′ and reve rse, 5′-TTCCTGGTCTTGGAGCTGTT-3′; HIF-1α: forward, 5′-TGACTGTGCACCTACTATGTCATCT-3′ and reverse, 5′-G GTCAGCTGTGGTAATCCACTC-3′; Nox2: forward, 5′-TGG CTGTGATAAGCAGGAGTTCCA-3′ and reverse, 5′-TGTT CCTTTCCTGCATCTGGGTCT-3′. The PCR amplification protocol was as follows: an initial denaturation set of 15 minutes at 95°C; the optimized number of cycles, with each cycle consisting of 94°C for 30 seconds, T a (optimized for each gene) for 30 seconds, and 72°C for 10 seconds, and a final extension step of 10 minutes at 72°C. After DNA gel electrophoresis, images were taken at a GelDoc-It imaging system (UVP, Upland, CA).
Isolation of mtDNA for mitochondrial dysfunction analysis was performed using Trizol. Mouse-specific mtDNA primers were as previously described.
8,9 PCR condition were as follows:
an initial denaturation step of 15 minutes at through electrophoresis and taking images, using the GelDoc-It imaging system. Densitometry analysis for target bands of RT-PCR results was used in the Image J program (Version 1.33) as a ratio of band intensity.
Histological Assessment
The temporal bones were removed, and the apex of the cochlea, the round and the oval window were punctured. A fixative (4% paraformaldehyde; Biosesang, Seongnam, South Korea) was perfused through the cochlear apex, and then the sample was immersed in the fixative for 24 hours at 4°C. Cochleae were decalcified by immersion in Calci-Clear Rapid (National Diagnostics, Atlanta, GA) for 24 hours, dehydrated in 30% sucrose (Sigma-Aldrich, St. Louis, MO) for 24 hours, embedded in optimal cutting temperature compound (Leica Microsystems, Bensheim, Germany), and cut into 2-5-µm thick sections in a CM1850 Cryostat (Leica Biosystems, Wetzlar, German). After standard hematoxylin and eosin (H&E) staining (1-3 minutes of incubation in hematoxylin and staining with eosin for 30-60 seconds), the samples were mounted on slides. For immunohistochemical detection of the VDAC (voltage-dependent anion channel) protein (Cat. No. 10866-1-AP), the cryosections were then incubated with the appropriate primary antibody (anti-VDAC diluted in blocking solution) for 16-20 hours at 4°C. Following three washes with tributylphosphine, the sections were incubated for 2 hours with secondary antibody conjugated to horseradish peroxidase. After washing, the peroxidase reaction was initiated by adding 0.5 mg/mL 3,3′-diamino-benzidine tetrahydrochloride and 0.12% H 2 O 2 . The sections were again washed and mounted on slides in glycerol. Examination was carried out under a conventional microscope. All observation was performed in blinded conditions by two observers in four mice for each group.
Transmission Electron Microscopy
Transmission electron microscopy (TEM) was performed to evaluate the damage to the cochlear hair cells of CIH mice. The cochleae were fixed in Karnovsky solution (2% glutaraldehyde and 2% paraformaldehyde), rinsed in 0.1 M sodium cacodylate, and post-fixed with Lee's fixative (a 1:1:1 mix of 0.5% RuO4, 2% OsO4, and 0.2 M cacodylate buffer) at room temperature for 90 minutes. This procedure was designed to minimize cochlear injury and to facilitate viewing of the cochlear hair cells. Cochleae were also decalcified by immersion in Calci-Clear Rapid (National Diagnostics) for 24 hours. Afterwards, we performed cross-sections of the cochlea in a plane containing the axis of the modiolus. Next, each section was dehydrated in an alcohol solution substituted with propylene oxide and embedded in the Epon mixture. The embedded sections were double-stained with uranyl acetate and lead citrate. The sections were then analyzed by TEM under a JEM-1200 EDXII microscope (80 kV; JEOL, Tokyo, Japan). All observation was performed in blinded conditions by two observers in two mice for each group.
Statistical Analyses
Comparison between continuous variables (results of PTA and RT-PCR) was performed using the Mann-Whitney U test for comparison of two groups. The interaction between two independent variables (frequencies and hypoxia) was examined by means of a two-way analysis of variance statistical analysis. All tests used a p value of .05 as the threshold for significance. All statistical analyses were performed using SPSS Software (PASW for Windows, Rel. 18.0.0. 2009; SPSS Inc., Chicago, IL).
RESULTS
CIH Mice Display Hearing Loss and Destruction of Outer Hair Cells
The values (mean ± SE) of initial ABR thresholds for various sequences at 12 weeks of age after CIH were as follows: 8 kHz, 20.8 ± 2.8 dB SPL; 16 kHz, 20.8 ± 2.1 dB SPL; 32 kHz, 33.3 ± 2.1 dB SPL. Compared to those of the Sham group, the thresholds of ABR in the CIH group were higher at all tested frequencies (Figure 1 ). However, a statistically significant difference was observed only at the highest frequency of 32 kHz (p = .0231). We evaluated the microstructures of cochlea in histologic assessment to reveal the pathophysiology of hearing loss in CIH mice. In the Sham group ( Figure 2 , A and B), we could confirm the microstructure like Reissner's membrane, the space of the scala media contains the organ of Corti, stria vascularis, basilar membrane, and modiolus. But we could observe in all mice of CIH group that the cochlea of CIH mice displayed extensive destruction of outer hair cells in three layer arrays of the organ of Corti (Figure 2 , C and D), which is a typical initial symptom of ototoxicity. However, there were no abnormality of inner hair cells and spinal ganglion in most CIH mice, which are shown in the progressive ototoxicity. We supposed that the initial changes of ototoxicity in cochlea could be induced by CIH.
TEM Reveals Mitochondrial Loss and an Increased Presence of Unusual or Aberrant Mitochondria in the Inner Hair Cells of CIH Mice
To compare the morphology of inner hair-cell mitochondria, we studied samples from control and CIH mice by TEM. As seen in Figures 3A (×15 000 ) and 3B (×60 000), the inner hair cells of Sham mice displayed both normal basal nuclei and the typical alignment of mitochondria along the plasma membrane. In contrast, inner hair cells of CIH mice displayed a significantly higher number of aberrant mitochondria, whereas the total number of mitochondria was lower (Figure 3 , C; ×10 000). At a higher magnification (Figure 3, D; ×45 000), various types of mitochondrial structural damage could be observed, such as vacuolation, presence of myelin bodies, as well as fewer, discontinuous, or absent crista.
Mitochondrial Dysfunction in the Inner Ear Sensory Epithelium of CIH Mice
RT-PCR analysis revealed that the mean mtDNA copy number in the inner ear sensory epithelium was significantly lower in the CIH group than in the Sham group ( Figure 4 ). Other indicators of mitochondrial dysfunction also showed significant differences between the two groups. The mRNA levels of PGC-1α and Tfam were higher in the CIH mice than in the Sham mice ( Figure 5 ). These two genes are known to be activated under oxidative stress, and they are major regulators of mitochondrial biogenesis under such conditions. And HIF-1α and Nox2, which are well known as indicators of oxidative stress, were also increased in the CIH mice (Supplementary Figure S1) . We also examined the expression levels of the VDAC protein, which is a highly conserved protein located on the outer mitochondrial membrane and plays a key role in mitochondria-mediated apoptosis. In CIH mice, the levels of VDAC were increased in the tectorial membrane, the basilar membrane, and especially in the inner hair cells, compared to control mice ( Figure 6 , B and C; ×600). At a higher magnification (×1000) of the organ of Corti, the interior of inner hair cells showed a clear positive stain of VDAC ( Figure 6 , E and F). VDAC generally require an increase of Ca 2+ flux into mitochondria, which can lead to permeability transition and cell death. Thus, the increase of VDAC in CIH mice showed a direct effect on cell death induced by mitochondrial damage.
DISCUSSION
Investigating the exact pathophysiology of OSAS comorbidities and the genes related to them is critical. However, patients with OSAS commonly display a variety of confounding factors that may result in a misinterpretation of results, even after meticulous analysis. These factors limit the potential of determining causal associations between OSAS and its consequences. To overcome this obstacle, animals exposed to CIH have been established as models of OSAS and are widely utilized to study possible phenotypes and provide insights into the pathophysiology of various OSAS-induced complications. 10, 11 Clinical studies of patients with OSAS have suggested a possible association between sleep apnea and hearing disturbances. 1, 4, [12] [13] [14] [15] Chronic repetitive hypoxemia and fluctuation in blood oxygen levels may be detrimental to the auditory organ and its signal transmission pathway. 13 Aging or snoring noise sound could be another confusing factor for hearing loss in OSA patient. However, to our knowledge, so far, there has been no study of OSAS-induced auditory disturbance that proposes a possible underlying mechanism in animal experiments. In our study of a mouse model of OSAS, we observed that CIH Figure 3 -The comparison of mitochondrial morphology in inner hair cells between the normoxia and the chronic intermittent hypoxia (CIH) by transmission electron microscopy examination. Two mice for each group were determined. Images of outer hair cells from control mice at ×15 000 (A) and ×60 000 (B) displayed a normal basal nucleus and alignment of mitochondria along the plasma membrane. The number of aberrant mitochondria was significantly increased, and the total number of mitochondria was decreased, in images of outer hair cells of mice exposed to CIH at ×10 000 (C) and ×45 000 (D).
had an adverse effect on auditory function. So far, only a few studies have considered the possibility that OSAS can damage the processes of generation and transmission of nerve impulses in the auditory system. 16, 17 Hypoxemia can result in peripheral nerve injury through impairing the vasa nervorum. 18 Patients with OSAS had significantly lower otoacoustic emissions, with damage to outer and inner hair cells being considered a possible mechanism. 1 It is likely that the decrease of the otoacoustic emission can be attributed to a hair-cell susceptibility to hypoxemia. 19, 20 In our study, CIH mice had significantly lower hearing sensitivity than controls, whereas histological studies in three layers of the organ of Corti revealed extensive damage in outer hair cells, clearly indicating ototoxicity. We consider this result consistent with the reduction of hearing function observed in OSAS.
To investigate its possible mechanism, we performed TEM to examine in more detail the histological features of hair cells. Notably, we found that mitochondria in outer hair cells of CIH mice had an abnormal morphology, whereas their total number was reduced compared to that in control mice. We confirmed this reduction by RT-PCR, which demonstrated that the copy number of mtDNA was significantly lower in the CIH mice. These results are consistent with those of studies reporting an alteration of mitochondria in patients with OSAS. 21, 22 A reduced mtDNA copy number from whole blood DNA studies of patients with OSAS has also been reported and the phenomenon was attributed to oxidative stress. 21 It is well known that imbalances in redox state are closely associated with various complications, including cardiovascular disease. 23, 24 Fluctuation in oxygen levels compromises the mitochondrial integrity or function 25 ; this mechanism has been suggested as a major cause of cardiomyocyte function deterioration and cardiac aging. 26 The major function of mitochondria is to produce adenosine triphosphate through oxidative phosphorylation. 27 Mitochondria respond to the unfavorable effects provoked by excessive oxidative stress; one such response is the production of PGC1-α, that is, the peroxisome proliferative activated receptor-γ (PPAR-γ) co-activator 1α, which is also involved in mitochondrial biogenesis and cell survival. 28 PPARs are ligand-activated transcription factors that play important roles in modulating inflammation and oxidative responses. 29 There are four PPAR subtypes (PPAR-α, -β, -γ, and -δ). Activation of PPAR-γ has been shown to diminish post-ischemic inflammation and injury. 30, 31 PGC1-α is a transcriptional co-activator that plays a role in mitochondrial biogenesis and is abundantly expressed in tissues such as the brown adipose tissue, the striated muscle, the liver, and the brain. 32, 33 Our current study demonstrated that PGC1-α is expressed in the inner ear epithelium, and its expression levels are elevated in CIH mouse. The increased PGC-1α expression can be attributed to a CIH-induced alteration of mitochondrial oxidative metabolism. CIH mice also displayed increased expression of Tfam (mitochondrial transcription factor A). Tfam acts on the promoters of mtDNA and activates the transcription and the replication of the mitochondrial genome, which makes it necessary for mitochondrial biogenesis. 32, 34 We believe that the increased PGC-1α and Tfam expression may be a protective response whose purpose is to maintain cellular homeostasis by averting oxidative stress-induced cell death. A previous study demonstrated that brain injury-induced hypoxia leads to a higher expression of PGC-1α and Tfam; however, contrary to our study, this was accompanied by an increase in total mitochondrial number and brain mtDNA abundance, with the latter showing a marked increase 6 hours after injury and continuing to go up until a total of about 24 hours had passed. 35 The Figure 4 -The representative figure for the difference in mean mtDNA copy number as determined by RT-PCR. The mean mtDNA copy number in the inner ear sensory epithelium was significantly lower in the chronic intermittent hypoxia (CIH) group compared to the control group. The levels of 18S were used for normalization (**p < .01). and Tfam(C), which are known as major regulators of mitochondrial biogenesis, in RT-PCR. The mRNA levels of both genes were significantly higher in the chronic intermittent hypoxia (CIH) group than in the control group. The levels of 18S were used for normalization (*p < .05).
discrepancy may be attributed to the different exposure patterns and periods of hypoxia adopted by the two studies. Our study also demonstrated, through immunohistochemical analysis, that VDAC, a key player in mitochondria-mediated apoptosis, was overexpressed in the inner hair cells of CIH mice. VDAC is a highly conserved protein of the mitochondrial outer membrane and constitutes the channel through which all metabolites cross this membrane. 36 Hypoxia induces VDAC closure, inhibiting metabolite movement and resulting in the suppression of mitochondrial function. 37 As this process impedes mitochondrial oxygen consumption even after oxygenation has been restored (ie, during the CIH reoxygenation phase), it can have an accumulative deleterious effect that may go as far as to evoke apoptosis. 38 Our study has some limitations. First, our conclusion could be not confirmatory, since only mRNA level was determined while protein level was not. However, we could suppose that mitochondrial dysfunction may be involved in the pathophysiology of hearing impairment based on several results. Second, mice can be more susceptible to CIH than humans are, and the consequence of hearing impairment in CIH murine model could be augmented compared to the occurrence in real OSA patients. Therefore, we have to consider the possibility that the application of CIH mice model could not represent OSA patients as well as using animal models for other diseases. Finally, experiments using inhibitors or specific gene knock-out mice were not performed, and applying these factors in further research will establish more accurate mechanism related to OSA-induced hearing loss.
To sum up, this study demonstrates that hair cells of CIH mice display lower mitochondrial number and aberrant mitochondrial morphology. Moreover, PGC-1α, Tfam, and VDAC seem to be involved in the pathophysiology of CIH-induced hearing impairment. As mice exposed to CIH constitute an animal model of OSAS, the results of this study strongly indicate an association between OSAS and auditory dysfunction and also propose a possible underlying mechanism related to mitochondrial function. We think that our study excluded the possibility of aging or noise-induced injury, because we used same age of mice and possibly equivalent noise factor for both groups was considered. We conclude that more attention should be paid to the auditory function of patients with OSAS. Further investigation of its mechanisms could assist in establishing a detailed pathophysiology of OSAS-induced hearing disturbance. Moreover, our results indicate that mitochondria may be a suitable target with respect to prevention or therapy of this condition. Four mice for each group were determined. Images were taken at ×600 (B, C) and ×1000 (E, F). (A) and (D) showed a negative control without the VDAC antibody. VDAC, a key player in mitochondria-mediated apoptosis, was highly expressed in the tectorial membrane, the basilar membrane, and especially the inner hair cells (indicated by the black arrow) of chronic intermittent hypoxia (CIH) mice (C, F) compared to control mice (B, E). In the higher magnification (×1000) image of the organ of Corti from CIH mice, the presence of VDAC positive stain in the interior of inner hair cells is obvious.
